Background: The cellular mdm2 gene has transforming activity when overexpressed and is amplified in a variety of human tumors. At least part of the transforming ability of the MDM2 protein is due to binding and inactivating the p53 tumor suppressor protein. Additionally, this protein forms a complex in vivo with the L5 ribosomal protein and its associated 5S ribosomal RNA and may be part of a ribosomal complex. Materials and Methods: A RNA homopolymer binding assay and a SELEX procedure have been used to characterize the RNA-binding activity of MDM2. Results: The MDM2 protein binds efficiently to the homopolyribonucleotide poly(G) but not to other homopolyribonucleotides. This binding is independent of the interaction of MDM2 with the L5 protein, which occurs through the central acidic domain of MDM2. An RNA SELEX procedure was performed to identify specific RNA ligands that bind with high affinity to the human MDM2 (HDM2) protein. After 10 rounds of selection and amplification, a subset of RNA molecules that bound efficiently to HDM2 was isolated from a randomized pool. Sequencing of these selected ligands revealed that a small number of sequence motifs were selected. The specific RNA binding occurs through the RING finger domain of the protein. Furthermore, a single amino acid substitution in the RING finger domain, G446S, completely abolishes the specific RNA binding. Conclusions: These observations, showing that MDM2 binds the L5/5S ribosomal ribonucleoprotein particle and can also bind to specific RNA sequences or structures, suggest a role for MDM2 in translational regulation in a cell.
INTRODUCTION
The mdm2 oncogene (murine double minute 2) was originally discovered due to its gene amplification in a spontaneously transformed BALB/c 3T3 cell line (1) . Overexpression of mdm2 is capable of immortalizing primary rat embryo fibroblasts and, in conjunction with an activated ras oncogene, of transforming these cells (2) . The human mdm2 gene (hdm2) has been found to be amplified in a significant number of soft tissue sarcomas, osteosarcomas, and gliomas (3) (4) (5) (6) (7) .
However, mdm2 overexpression may result from mechanisms other than gene amplification. Translocation of mdm2 with the immunoglobulin C kappa gene results in mdm2 overexpression in the SP2 murine plasmacytoma cell line (8) . In addition, hdm2 is overexpressed at the RNA level without gene amplification in a large percentage of leukemias (9) and overexpressed due to enhanced translation in human choriocarcinoma cells (10) .
The MDM2 protein is believed to be oncogenic by functioning as a negative regulator of the p53 tumor suppressor protein. MDM2 forms a tight complex with the N-terminal transactivation domain of p53 and blocks the ability of p53 to transcriptionally activate gene expression (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . This negative regulation of p53 has been shown to be essential in vivo from the analysis of mdm2 null mice which exhibit embryonic lethality shortly after implantation. This phenotype is rescued in a p53 null background, indicating that the negative regulation of p53 by MDM2 is essential during embryonic development (14, 15) . 440 Molecular Medicine, Volume 2, Number 4, July 1996 In addition to binding and regulating p53, MDM2 has been shown to bind and regulate other proteins which may contribute to the oncogenic potential of the protein. MDM2 has been shown to bind the retinoblastoma protein pRB and relieve its negative regulation of the transcriptional activator E2F 1 (16) . MDM2 has also been reported to bind directly to the E2Fl/DPl transcription factor and stimulate its transcriptional activity (17) . Additionally, MDM2 has been shown to form a tight complex in vivo with the L5 ribosomal protein, which in turn is associated with the 5S ribosomal RNA (18) . However, the function of this complex is currently unclear.
The binding domain for p53 and E2F1 has been mapped to the N-terminal domain of MDM2, a domain which is sufficient for the negative regulation of p53 (11, 17, 19) . However, the MDM2 protein contains several additional highly conserved domains at the amino acid sequence level including a central acidic domain adjacent to a C4 zinc finger domain, and a C-terminal RING finger domain (20) . The RING finger is a C3HC4 domain that coordinates two molecules of zinc and folds as a single domain (21) (22) (23) . A domain of analogous structure is found in over 40 proteins and has been speculated to function as either a nucleic acid binding domain or a protein-protein interaction domain (24) .
This study investigates the biochemical functions of the acidic, zinc finger, and RING finger domains of MDM2. First, MDM2 was shown to efficiently interact with the poly(G) homopolymer of RNA. The interaction of MDM2 with the L5 ribosomal protein occurred through the central acidic domain of MDM2 and this domain was not required for poly(G) binding. Specific RNA molecules that could bind to the protein were identified by in vitro selection from a randomized RNA pool, using a SELEX (systematic evolution of ligands by exponential enrichment) procedure. The specific RNA binding was shown to occur through the RING finger domain of MDM2 and was completely abolished by a single point mutation in the RING finger.
MATERIALS AND METHODS
Baculovirus Protein Expression and Purification MDM2, HDM2, and HDM2 deletion mutants (11) were expressed by cloning the cDNAs into PVL1393 and cotransfection with baculogold viral DNA into Sf9 insect cells (Pharmingen, San Diego, CA, U.S.A.). HA epitope-tagged proteins (HA HDM2 and HA L5) were constructed by cloning oligonucleotides encoding the nine amino acid HA epitope into PVL 1393 so that N-terminal fusion proteins could be generated.
MDM2 for use in RNA homopolymer binding assays was partially purified by single-step immunoaffinity purification. Sf9 cells were infected with a MDM2 baculovirus for 48 hr, harvested, and lysed for 30 min on ice with lysis buffer: 50 mM Tris (pH 7.5), 150 mM NaCl, 0.5% Nonidet P-40, 1 mM DTT, and protease inhibitors (0.2 mM PMSF, 1 ,uM pepstatin A, and 1 ,uM E-64). The lysate was centrifuged at 40,000 X g for 20 min at 4°C, and the supernatant was peristaltically pumped through a Sepharose CL-4B pre-column followed by a protein A-Sepharose 2A10 monoclonal antibody (mAb) immunoaffinity column at a flow rate of 0.4 ml/min. The 2A10 immunoaffinity column was constructed by coupling of antibody to protein A with dimethyl pimelimidate as described (25) . The lysate was passed over the column three times and the immunoaffinity column washed with 50 column volumes of SNNT buffer (5% sucrose, 1 % Nonidet P-40, 0.5 M NaCl, 50 mM Tris [pH 7.5], 1 mM DFT, and protease inhibitors) followed by 50 volumes of RIPA buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 1 mM DIT and protease inhibitors) and finally 50 volumes of lysis buffer.
MDM2 was eluted from the column by first washing the column in 10 mM sodium phosphate buffer (pH 6.8) and eluting the MDM2 with 100 mM Glycine (pH 2.5) into collection tubes containing 1 M Tris (pH 8). Fractions containing MDM2 were dialyzed in Final Storage Buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 0.1% Nonidet P-40, 20% Glycerol, 1 mM DTT and protease inhibitors) and concentrated by ultrafiltration in a centricon-30 (Amicon, Beverly, MA, U.S.A.).
HA HDM2 protein used in the SELEX procedure was purified as described with a 12CA5 mAb immunoaffinity column except that the protein was eluted with the nine amino acid peptide corresponding to the HA epitope (n-YPYDVPDYA-c). After the column was washed in lysis buffer, the resin was transferred to a 15 -ml conical tube and eluted with four volumes of lysis buffer containing 1 mg/ml HA peptide overnight at 40C with rocking. The eluate was dialyzed against Final Storage Buffer using a membrane with a 12-kD MWCO and concentrated in a centricon-30.
RNA-Binding Assays
Binding of purified MDM2 to the different nucleic acid columns in Fig. 1 was done essentially as described (26) by incubating 0.5 ,ug MDM2 with the columns for 1 hr at 4°C with rocking in a total volume of 300 ,l RNA-binding buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 5 mM MgCl2, 0.1 % Nonidet P-40, 50 ,uM ZnCl2, 2% Glycerol, 1 mM DTT). MDM2 was incubated with about 20 ,ug nucleic acid on the following columns after each was washed in RNA-binding buffer: ds calf thymus DNA cellulose (Sigma, Chemical Co., St. Louis, MO, U.S.A.), denatured calf thymus DNA agarose (Pharmacia, Piscataway, NJ, U.S.A.), and the four RNA homopolymer columns (Sigma). Columns were washed with 3 ml of RNA-binding buffer and boiled in SDS sample buffer, and the protein was separated by SDS-PAGE. The gel was transferred to nitrocellulose for western blotting, followed by detection with the 2A10 mAb and ECL chemiluminescence (Amersham, Arlington Heights, IL, U.S.A.).
The immunoprecipitation/RNA-binding assay ( RNA-binding reactions were carried out at RT for 1 hr with rocking followed by 3 x 1 ml washes in RNA-binding buffer, after which the beads were resuspended in 80 ,ul of buffer, dissolved in scintillation fluid, and counted.
Immunoprecipitation of MDM2 and HA L5 Sf9 cells were co-infected with baculoviruses for expression of HA L5 protein along with a virus for expression of MDM2, HDM2, or a deletion mutant of HDM2 for 44 hr in 10-cm plates. Sf9 cells were then transferred to a 15-ml conical tube, pelleted by brief centrifugation, and resuspended in 4 ml of methionine-deficient insect cell media (Ex-cell 401 deficient, JRH Biosciences, Lenexa, KS, U.S.A.). Cells were then returned to 10-cm plates followed by the addition of 75 ,uCi/ml [35S]methionine Express (Du-Pont, Wilmington, DE, U.S.A.) and incubation for 4 hr. Cells were washed in PBS and lysed in lysis buffer. The lysate was centrifuged and subjected to immunoprecipitation as described above. Immunoprecipitates were washed with 2 x 1 ml of SNNT buffer and 1 ml of RIPA buffer, boiled in sample buffer, and separated by SDS-PAGE. Gels were subjected to fluorography, dried, and exposed to film as described (11) .
SELEX Procedure
The randomized RNA library was generated by in vitro transcription of a 77-base template oligonucleotide containing a central 30 nucleotide randomized region. The sequence of the template oligonucleotide and the primers for in vitro transcription, reverse transcription, and polymerase chain reaction (PCR), along with the conditions for these reactions was as previously described (27, 28) . Baculovirus-produced, HAtagged HDM2 was purified by 12CA5 immunoaffinity chromatography and peptide eluted as described above. Purified HA HDM2 protein was coupled to 12CA5 antibody that was immobilized on protein A-Sepharose beads as described above. RNA pools were incubated with the immobilized HDM2 in SELEX buffer (20 mM Tris [pH 7.5], 250 mM NaCl, 0.1 mM EDTA, 1 mM MgCl2, 0.05% Nonidet P-40, 1 mM DTT) for 1 hr. After five washes with the same buffer, the complexes of HDM2 and RNA were eluted with the HA peptide (1 mg/ml in SELEX buffer) for 30 min. The RNA was purified by phenol extraction and ethanol precipitation, followed by reverse transcription and PCR amplification as described (27) .
GST HDM2 RING Finger Expression
The fusion protein was constructed by PCR amplification of the RING finger domain with the oligonucleotide 5' -CGGAATTCCAGCCATCAAC TTCTAGTAGC -3' and the T7 primer (5'-GTAAT ACGACTCACTATAGGGC-3') from the pHDM A1-1 52 plasmid which has this fragment of hdm2 cloned into the EcoRI site of pBluescript KS- (11) . The fragment was digested with EcoRI and cloned into pGEX-4T-1 (Pharmacia). Upon induction with 1 mM IPTG for 2 hr in BL21 cells, this construct produced a fusion protein containing amino acids 396-491 of HDM2. Purification of the GST and GST HDM2 RING finger proteins was performed by lysing induced cells in lysis buffer with sonication, centrifugation, and isolation with glutathione agarose beads (Pharmingen) or protein A-Sepharose and mAbs as described above.
RESULTS
MDM2 Binds Preferentially to the Homopolyribonucleotide poly(G) In order to investigate functions of MDM2 in addition to the regulation of p53, experiments were carried out to characterize the protein's zinc finger domains. Zinc fingers have often been found to mediate interactions with nucleic acids. In addition, it was noticed that MDM2 binds to a heparin-sepharose column which is characteristic of many nucleic acid binding proteins. We made use of a semispecific assay that has been used extensively to study the RNA-binding properties of the hnRNP and other proteins (29) (30) (31) . In this assay, a protein is tested for its ability to interact with DNA or RNA by using calf thymus DNA or RNA homopolymers immobilized on agarose beads.
Baculovirus-produced, purified MDM2 protein was incubated with six different columns containing ds DNA or ss DNA from calf thymus, or each of the four natural homopolyribonucleotides. Bound MDM2 protein was visualized by SDS-PAGE and western blotting with a monoclonal antibody (mAb) against MDM2 (Fig. 1 ). MDM2 bound most efficiently (-5% of input protein) to the poly(G) RNA column ( Fig. 1 , Lane 5). Less efficient binding (-0.5% of input protein) could be detected to ds DNA ( Fig. 1 , Lane 1) and poly(U) RNA ( Fig. 1, Lane 6 ). This specificity for poly(G) RNA is very similar to that of several recently characterized RNA-binding proteins (26, 32) .
A second RNA-binding assay was performed by first immunoprecipitating MDM2 or HDM2 from baculovirus-infected Sf9 insect cell lysates with various mAbs. This was followed by incubation of the immobilized protein with radiolabeled poly(G) RNA, washing, and counting the beads in a scintillation counter. As shown in Fig were performed from insect cell lysates overexpressing MDM2 or HDM2 with mAbs to MDM2 (2A10, 4B11, and 4B2). These mAbs each recognize distinct epitopes in different regions of MDM2: 4B2, an N-terminal epitope (amino acids 1-58); 2A10, a central epitope (amino acids 295-339); and 4BIl, a C-terminal epitope (amino acids 396-444). Low, background levels of RNA binding were seen with immunoprecipitations from uninfected or wild-type virus infected Sf9 lysates or with negative control antibodies (419 and 421). The total cpm of radiolabeled RNA was always 5-to 20-fold above the background levels (i.e., immunoprecipitates of uninfected cells with the same MDM2 mAbs). The poly(G) RNA binding efficiently decreases with increasing NaCl concentrations in the RNA-binding buffer (Fig. 2B ), indicating that ionic interactions contribute to the association. The poly(G) RNA binding is not competed by excess yeast Torula RNA or poly(dI-dC) ( Fig. 2B ). Thus, both MDM2 and HDM2 bind poly(G) RNA efficiently and specifically.
The RNA Binding Is Independent of the Interaction of MDM2 with the L5 Ribosomal Protein MDM2 has previously been shown to form a complex in vivo with the L5 protein/5S rRNA ribonucleoprotein particle, a component of the large ribosomal subunit (18) . Furthermore, a complex of p53-MDM2-L5-5S RNA was shown to exist since the 5S RNA could be detected in an Each lysate was immunoprecipitated with a negative control mAb (419), the mAb which recognizes the HA epitope (12CA5), or 2 mAbs which recognize MDM2 (2A10, 4B 11) as indicated. Immunoprecipitates were separated on an 8% SDS polyacrylamide gel which was dried and exposed to autoradiography.
-HA L5 4B 11). An example of this assay is shown in Fig. 3A where the complex between MDM2 and HA L5 was easily detectable when Sf9 cells were co-infected and immunoprecipitated with MDM2 mAbs (Fig. 3A In order to map the region responsible for the poly(G) RNA binding, each of the HDM2 deletion mutants was tested in the RNA-binding assay used in Fig. 2 , and a summary of the results is shown in Fig. 3B . Two mutants, A222-294 and A222-437, which fail to bind L5, are able to bind poly(G) RNA, indicating that the RNA binding is not mediated through the L5 protein. Surprisingly, only the N-terminal fragment of HDM2 consisting of amino acids 1-204 failed to recognize poly(G) RNA. Differences in the relative affinity of the remaining mutants for poly(G) was not observed. When a C-terminal portion of the protein is attached to the N-terminal fragment, RNA binding was restored. These mapping data indicate that there are two regions on HDM2 that are capable of binding poly(G) RNA. One of them resides in the central region because A295-491 binds but not A205-491. A second RNA-binding region is located at the C terminus because deletions of the central domain (A222-294 and A222-437) retain the ability to recognize RNA.
HDM2 Binds Specifically to RNA In order to determine whether HDM2 is capable of binding to a specific RNA sequence or structural motif, a SELEX procedure was utilized as described previously (28) . A 77-base oligonucleotide containing a central 30 nucleotide randomized region was transcribed using T7 RNA polymerase to create a randomized pool of RNA molecules. This pool, containing approximately 1012 different RNA molecules, was incubated with baculovirus-produced, purified HA-tagged HDM2 protein, and protein A-Sepharose beads coupled with the 12CA5 mAb. The beads were washed and the HDM2-RNA complexes eluted from the beads with the nine amino acid HA peptide. The RNA was subjected to reverse transcription followed by PCR amplification, and the DNA used to transcribe another pool of RNA. This process was repeated 10 times in order to selectively enrich for a population of RNA molecules that bound with high affinity to the HDM2 protein. A pool of RNA molecules (Round 10) was isolated that bound efficiently to HDM2 while no binding was detected with the initial pool (Round 0). By using the same RNA-binding assay as in Fig. 2 , RNA binding was only detected with Round 10 RNA when immunoprecipitations were performed from insect cell lysates expressing HDM2 with mAbs to HDM2 (4B2 and 2A10) (Fig. 4) . The PCR-amplified 77-nt DNA that was used as the template to transcribe the Round 10 RNA was cloned into the pUC 19 plasmid. Sequencing RNA generated from the SELEX procedure The RNA-binding assay was performed as in Fig. 2 with two pools of radiolabeled RNA from the SELEX procedure; either the initial pool (Round 0) or the final pool (Round 10). Uninfected and HDM2 expressing Sf9 lysates were immunoprecipitated with the 419 negative control mAb and the HDM2 mAbs (4B2, 2A10) as indicated.
of 36 individual clones revealed that one predominant RNA molecule had been selected, representing 16 of 36 clones. This molecule was designated clone A. Several other clones selected (designated I, B, E, and L) differed from clone A in their central 30 nucleotides by only 1 or 2 nucleotides. Another clone was found in 2/36 clones and differed at 5 nucleotides (clone K) ( Fig. 5A ). Together, clone A and similar clones accounted for 28/36 (78%) of the clones, and the remaining eight clones each appeared once and were unrelated to clone A. Importantly, when individual clones were transcribed and tested for binding, HDM2 bound to the clone A and K RNAs, but not to RNA from two of the unrelated clones, D and F (data not shown). The in vitro-selected RNAs were folded according to the method described by Zuker (33) , and the predicted structure of clone A RNA is shown in Fig. 5B . The clones similar to clone A in Fig. 5A are all predicted to form this structure. The nucleotides that differ from clone A in the similar clones are indicated. This structure consists of a 5' stem-loop and a 3' region containing a large single-stranded region of 13 nt and a loop of 7 nt. The 30-nt randomized region forms a stem with the 3' primer-binding sequences. Stems that contain primer-binding sequences commonly occur in RNA aptamers and are often found to buttress functional domains (34) . The incorporation of defined sequences into struc-HDM2 RNA Consensus Sequences 30 tural supports is expected since only one rather than both strands of the stem must be derived from randomized sequence regions during the course of selection.
Two observations support the notion that this structure is important for recognition by HDM2. First, the RNA molecules unrelated in sequence to clone A are not predicted to form this structure and, as far as examined (D and F), did not detectably bind to HDM2. Second, an RNA molecule was generated that contains 13 additional nucleotides derived from a polylinker sequence on the 3' end of the clone A RNA. This 90-nt RNA is predicted to form an entirely different structure from clone A and fails to bind HDM2 (data not shown). Thus, it appears that the formation of this structure is critical for recognition by HDM2.
The RING Finger Domain of HDM2 Is Sufficient for Specific RNA Binding
The domain on HDM2 responsible for the specific RNA binding was first mapped using three of the deletion mutants shown in Fig. 3B and the Round 10 RNA (Fig. 6A) . Immunoprecipitation of the full-length HDM2 or an N-terminal deletion (Al-152) with HDM2 mAbs followed by incubation with Round 10 RNA revealed that each of these proteins bound efficiently to RNA. The difference in the RNA-binding ability of fulllength HDM2 and Al-152 as seen with 2A10 is likely due to the lower expression levels of the two proteins in Sf9 cells (data not shown). Significantly, deletion of the RING finger domain (A445-491) or a larger portion of the C terminus (A340-491) resulted in a complete loss of RNAbinding ability.
To determine whether the RING finger was sufficient for RNA binding and to rule out the possibility that the RNA binding was mediated through an insect cell protein that bound to the RING finger, a fusion protein of glutathione Stransferase (GST) and the HDM2 RING finger domain was expressed in Escherichia coli and tested for RNA binding. The GST The RING finger domain of HDM2 is sufficient for specific RNA binding (A) Three HDM2 deletion mutants (Fig. 3B ) were tested for their ability to bind Round 10 RNA as in Fig. 4 with the negative control mAb 419 or the HDM2 mAbs 4B2 and 2A10 as indicated. Immunoprecipitation of the Al--152 mutant with 4B2 failed to show RNA binding as expected because 4B2 maps to the N terminus and fails to bind this protein. (B) The GST protein and a GST HDM2 RING finger fusion protein were tested for their ability to bind Round 10 RNA using the same RNA-binding assay. Immunoprecipitations were performed from E. coli lysates overexpressing GST or the GST HDM2 RING finger protein with the 419 mAb and the HDM2 mAb 4B 11 or glutathione beads (GLUT) as indicated.
protein, but not GST alone, is sufficient for binding the Round 10 RNA as shown by selection with either the 4B 1 1 HDM2 mAb or glutathione beads (Fig. 6B) . The difference in RNA binding between 4B 11 and the glutathione beads is possibly due to the fact that the 4B 11 mAb recognizes an epitope adjacent to the RING finger (amino acids 396-444) and might therefore partially interfere with the ability of the protein to bind RNA. In fact, this monoclonal antibody always detected less RNA binding to full-length HDM2 than N-terminal HDM2 antibodies (data not shown). The GST RING finger protein was incubated with 5S rRNA, but all attempts have failed to detect any binding (data not shown).
The fact that an HDM2 protein domain from two different sources, baculovirus-infected cells and E. coli, bound specifically to Round 10 RNA strongly argues that the RNA binding is direct.
A G446S Point Mutation in the MDM2 RING Finger Completely Abolishes Specific RNA Binding There is a high degree of amino acid conservation between HDM2 and MDM2 across the RING finger region (only four amino acid differences across a 68-amino acid region shown in Fig. 7B ). Because of this, MDM2 (the murine protein) was tested to determine if it was capable of binding Round 10 RNA. MDM2 produced from the P2 cDNA clone (35) bound Round 10 RNA as well as full-length HDM2 (Fig. 7A) . In contrast, another mdm2 clone which was originally generated by reverse transcription and PCR failed to bind specifically to Round 10 RNA (Fig. 7A ). DNA sequence analysis of the RING finger domain of the PCR clone and the P2 clone revealed a single point mutation in the PCR clone which produced a glycine-to-serine change at amino acid 446 (GGC to AGC) (Fig. 7B ). This mutant MDM2 protein failed to bind to Round 10 RNA.
DISCUSSION
The MDM2 protein was initially tested to determine if it was capable of binding to RNA because of the presence of the central zinc finger and C-terminal RING finger domains in the protein, the ability of the protein to bind to a heparinsepharose column, and the association of MDM2 with the L5 protein/5S rRNA ribonucleoprotein. An RNA homopolymer binding assay was used as an initial assay to test whether this protein had the ability to bind RNA as was the case for several other RNA-binding proteins (29) (30) (31) . The specificity of MDM2 for poly(G) and its binding in relatively high salt concentrations is very similar to that of the FMR1 RNA-binding protein (26) . A mutation in the FMR1 gene causes fragile X syndrome. The pattern of poly(G) binding is also similar to that of the yeast protein Nup145p, a nucleoporin involved in nucleocytoplasmic transport (32) . The possibility that the poly(G) RNA binding by MDM2 was mediated through the L5 protein was eliminated by mapping the regions on MDM2 responsible for binding to the L5 protein and poly(G) RNA. These data demonstrate that mutations in the central region which Human ESVESSLPLN Next, a SELEX procedure was employed to determine whether the MDM2 protein was capable of binding specific RNA sequences or structures and, if so, to identify a pool of such specific RNA molecules. The SELEX procedure has been used successfully to identify high-affinity RNA ligands for a variety of proteins (27, 28, 36) . The pool of high-affinity RNA molecules that bound to HDM2 (Round 10) binds entirely to the RING finger domain of the protein. This domain is very well conserved during evolution (V. Marechal et al., in preparation) and therefore likely has an important biological function. The data presented suggest that this function may involve interaction with RNA. In this context, it is of interest that a single point mutation in this domain, G446S, completely abolishes the specific RNA binding. This mdm2 mutant will be useful in identifying possible functions for this activity.
One possible function for the specific RNA binding of the RING finger is that it interacts with the 5S rRNA since MDM2 is known to form a complex with the L5 protein and 5S rRNA ribo-nucleoprotein. This is unlikely for several reasons. First, RNA sequences similar to those isolated from the SELEX procedure are not seen in the 5S rRNA. Second, MDM2 produced from the PCR clone containing the point mutation binds as efficiently to L5 as wild-type MDM2 or HDM2. Lastly, when labeled 5S rRNA was incubated with MDM2 protein in the RNA-binding assay, no binding was detected (data not shown).
Previously published results suggest that the p53 tumor suppressor protein can be found as part of a multimeric complex consisting of MDM2, L5, 5S rRNA, and possibly 5.8S rRNA (18) . Since p53 has the ability to interact with RNA (37, 38) , whether p53 could contribute to the RNA-binding specificity of a complex containing both MDM2 and p53 was of interest. To determine whether the RNA-binding activity of p53 was specific for certain RNA species, a SELEX experiment was performed with p53 as a target. After 10 rounds of selection and amplification, the overall affinity of the pools had increased only slightly (one order of magnitude) when compared with the initial SELEX library. The final pool of RNA ligands did not display any recognizable common feature with respect to sequence or structure (M. Dobbelstein, unpublished observations). We therefore assume that p53 may contribute to the RNA-binding activity of a complex containing both p53 and MDM2, but probably does not significantly affect its specificity for certain RNA motifs.
While the RING finger is sufficient for the specific binding to small structured RNAs isolated from the SELEX procedure, HDM2 may have a second RNA-binding region since the HDM2 deletion mutant lacking the RING finger retains poly(G) binding activity. The second domain maps to the central region as shown by the fact that the A295-491 mutant binds poly(G) but not the A205-491 mutant. However, it cannot be ruled out that, in this case, HDM2 may bind indirectly to poly(G) through traces of insect cell L5 protein, a known RNA-binding protein, that could be present in the HDM2 preparation.
The RING finger domain is a newly characterized C3HC4 zinc-binding domain initially identified in the human ringl gene (23) . The tertiary structures of two RING finger domains from the IE 1 0 protein of equine herpes simplex virus and the PML proto-oncoprotein have been solved in solution by 'H-NMR (21, 22) . In both structures, four pairs of metal binding residues coordinate two molecules of zinc, with the first and third pairs binding one molecule of zinc and the second and fourth pairs binding a second. Interestingly, the IE110 protein adopts a /3/3af3 fold, and the region comprising the first two ,B strands and the a-helix has remarkable similarity with a TFIIIA type of zinc finger (21) . Xenopus TFIIIA has nine zinc fingers which are involved in sequence-specific DNA binding to the 5S ribosomal gene and specific RNA binding to the 5S rRNA (39, 40) . This similarity is in agreement with the finding described here that a RING finger domain can mediate interaction with RNA. RING finger domains have been found in a growing number of proteins in a variety of species and they have a wide range of functions (24) . Examples of RING finger proteins include the BRCA1 tumor suppressor protein (41), the PML proto-oncoprotein (42) , the baculovirus inhibitor of apoptosis LAP (43), Msl-2 which is required for X chromosome dosage compensation in Drosophila males (44) , and the yeast RAD5 protein involved in DNA repair (45) . In some cases, such as Msl-2 and RAD5, the RING finger has been proposed to play a role in protein-DNA interaction, but so far no RING finger protein has been shown to possess sequence-specific DNA-binding activity. Although the function of this domain is still unclear, the RING finger may constitute a multifunctional domain involved in either protein-protein interaction or protein-nucleic acid interaction (22, 24) . Based upon the experiments reported here, the RING finger of MDM2 is clearly capable of binding specifically to RNA. This may define the RING finger as a novel RNA-binding motif (46) .
Both the L5 binding and specific RNA-binding functions are conserved between mouse and human forms of MDM2. However, it is not known how these functions may contribute to the oncogenic potential of the protein. The complex formation with the L5/5S ribosomal ribonucleoprotein and the ability to bind specifically to RNA present the intriguing possibility that MDM2 may be localized at the ribosome and function in regulating the translation of specific mRNAs involved in the control of cell growth. Further experiments are needed to address the possibility that MDM2 is localized to the ribosome and can affect gene expression or translation as well as the contribution of this activity to its ability to regulate cell growth.
